Polyphase inclusions in the Shuanghe UHP eclogites formed by subsolidus transformation and incipient melting during exhumation of deeply subducted crust  by Liu, Qiang et al.
Lithos 177 (2013) 91–109
Contents lists available at ScienceDirect
Lithos
j ourna l homepage: www.e lsev ie r .com/ locate / l i thosPolyphase inclusions in the Shuanghe UHP eclogites formed by
subsolidus transformation and incipient melting during
exhumation of deeply subducted crustQiang Liu a,b,⁎, Jörg Hermann b, Junfeng Zhang a,c
a Faculty of Earth Sciences, China University of Geosciences, Wuhan 430074, China
b Research School of Earth Sciences, The Australian National University, Canberra 0200, Australia
c State Key Laboratory of Geological Processes and Mineral Resources, China University of Geosciences, Wuhan 430074, China⁎ Corresponding author at: State Key Laboratory of Ge
Resources and Faculty of Earth Sciences, China Univ
430074, China. Tel.: +86 18071719601; fax: +86 27 6
E-mail address: liuqiang@cug.edu.cn (Q. Liu).
0024-4937 © 2013 The Authors. Published by Elsevier B
http://dx.doi.org/10.1016/j.lithos.2013.06.010a b s t r a c ta r t i c l e i n f oArticle history:
Received 31 July 2012
Accepted 15 June 2013
Available online 1 July 2013
Keywords:
Polyphase inclusions
Partial melting
UHP metamorphism
Eclogite
Dabie MountainsUltrahigh-pressure (UHP) layered eclogites from the Shuanghe area, Dabie Mountains display the peak assem-
blage garnet, Na-rich omphacite (Jd60), and minor amounts of coesite, rutile, Si-rich phengite (Si = 3.58 p.f.u)
and apatite. Zr-in-rutile thermometry provides evidence for peak metamorphic conditions of ~650–700 °C,
which combinedwith garnet–clinopyroxene–phengite barometry yields a peak pressure of 3.5–4 GPa. Three dif-
ferent types of polyphase inclusions that formed after peak conditions are identiﬁed in garnet. The ﬁrst type con-
sists of a symplectitic intergrowth of zoisite + quartz ± amphibole associated with epidote and exhibits a
rectangular shape. These inclusions are interpreted to have formed during decompression of the UHP rocks as
pseudomorphs after prograde to peak lawsonite. The second type of polyphase inclusions contains approximate-
ly equal amounts of K-feldspar and quartz. These inclusions are usually surrounded by radial fractures and exhib-
it regular negative crystal shapes. The observed gradual breakdown of peak metamorphic phengite resulting in
these types of inclusions suggests that phengite melting at an advanced stage of exhumation at ~1.5–2 GPa and
~750–800 °C occurred. The third type of polyphase inclusions displays irregular shapes and preserves the retro-
grade mineral assemblage amphibole + plagioclase + quartz + biotite + K-feldspar, which likely formed
during late stage ﬂuid inﬂux that is also responsible for the replacement of phengite by biotite as well as
omphacite by amphibole + plagioclase.
The trace element composition of K-feldspar + quartz inclusions has been determined in-situ by LA-ICP-MS
and is characterized by a strong enrichment in LILE and a moderate enrichment in LREE with respect to HREE
and a depletion in HFSE. The presence of melts assisted in the recrystallization of the eclogites and resulted in
the segregation of garnet + quartz-rich and omphacite-rich domains. Field observations show that the melt-
ing is very limited and no interconnected network of partial melts formed. Thus, the low degree of partial
melting did not result in a chemical differentiation of the subducted rocks but likely inﬂuenced the rheology
of the eclogites during exhumation.
© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY license.1. Introduction
Ultra-high pressure (UHP) rocks provide important insights into the
mechanical and chemical behavior of deeply subducted crust. Partial
melting is one of the key processes that affect chemical differentiation
of deeply subducted crust. UHP rocks provide a unique window into
suchmeltingprocesses and valuable constraints on the nature and com-
position of ﬂuids produced at conditions that are relevant for slabs atological Processes and Mineral
ersity of Geosciences, Wuhan
7883002.
.V. Open access under CC BY license.sub-arc depth (Hermann and Rubatto, in press). Low-viscosity hydrous
melts can also greatly change the rheological properties of UHP rocks
(Labrousse et al., 2002, 2011; Vanderhaeghe and Teyssierc, 2001) and
consequently promote rapid exhumation (Ernst, 2006; Hermann and
Green, 2001). If partial melting occurs during exhumation of subducted
crust, it can provide an important link between the dynamics of the ex-
humation processes and post-collisionmagmatism (Hacker et al., 2011;
Zheng et al., 2011).
Due to the fugitive nature of ﬂuid phases, it is extremely difﬁcult to
obtain direct constraints on ﬂuid phases produced at great depth
(Zhang et al., 2008). Polyphase inclusions in refractory peak UHP min-
erals such as garnet and clinopyroxene potentially provide a record of
melting events in deeply subducted crust. In this contribution we use
the term “polyphase inclusions” as a description of an association of
minerals that are formed from a pre-existing phase that has been
92 Q. Liu et al. / Lithos 177 (2013) 91–109included in the host mineral. An irregular intergrowth of daughter min-
erals in inclusions showing negative crystal shapes associated to radial
cracks is generally interpreted to have formed from a trapped ﬂuid
phase that later led to the crystallisation of the polyphase assemblage
(Ferrando et al., 2005; Korsakov and Hermann, 2006; Malaspina et al.,
2006; Stöckhert et al., 2001). Alternatively, such inclusions are
interpreted to representmelting of a primarymineral inclusion followed
by subsequent crystallisation into a polyphase assemblage (Perchuk et
al., 2005). Polyphase inclusions are occasionally associated with void
space that has been used to infer that a volatile phase has been present
in the inclusions (Ferrando et al., 2005). However, it is not straightfor-
ward to conclude from textural observations alone whether such inclu-
sion assemblages derive from actually trapped melts, reaction products
of melt with the host mineral or whether they reﬂect subsolidus break-
down products of a precursor mineral. Major and trace element compo-
sitions of such polyphase inclusions provide additional information. For
example if the bulk composition of the inclusions resembles melt com-
positions that have been experimentally determined for the given rock
compositions, then it is likely that the polyphase inclusions represent
trapped melts (Perchuk et al., 2005, 2008a; Stöckhert et al., 2001; Zeng
et al., 2009). Major and trace elements provide additional important in-
formation on the origin of the inclusions because they can be used to de-
terminewhether the compositionsmatch any known precursormineral
or whether they must have entered the host mineral as a ﬂuid phase
(Ferrando et al., 2009; Korsakov and Hermann, 2006; Malaspina et al.,
2006). The ultimate test to determine the nature of a polyphase inclu-
sion is to experimentally homogenize them in high-pressure experi-
ments (Malaspina et al., 2006; Perchuk et al., 2008b). In order to
interpret the information frompolyphase inclusions, it is of great impor-
tance to determine the relative timing of formation of these inclusions.
This requires relating the pressure temperature evolution of the rocks
to potential events that produced the ﬂuids. There have been reports
of polyphase inclusions forming during prograde (Ferrando et al.,
2009), peak (Korsakov and Hermann, 2006; Stöckhert et al., 2001),
early decompression (Lang andGilotti, 2007; Zeng et al., 2009) or during
advanced stages of exhumation (Gao et al., 2012).
In this paper we present textural features and trace element
characteristics of three types of polyphase inclusions hosted by
garnet from the Shuanghe UHP eclogite, Dabie Mountains, Central
China. These inclusions occur in layered eclogites that show strong
segregations into omphacite- and garnet-rich layers that are partly
retrogressed. We complement the data set with major and trace ele-
ment analyses of major minerals and bulk rocks. This data is used to
distinguish between polyphase inclusions that formed by subsolidus
breakdown of peak metamorphic minerals and inclusions related to
partial melting. We aim to constrain the conditions of this melting
event with respect to the P–T evolution of the rocks and we discuss
the importance of these ﬁndings on the chemical and mechanical be-
havior of the studied UHP rocks.
2. Geological background
Since the discovery of coesite andmicro-diamond in UHP eclogites
from Dabie Mountains (Okay et al., 1989; Wang et al., 1989; Xu et al.,
1992), this region has become one of the main areas in the world for
studying continental deep subduction and exhumation (Cong et al.,
1995; Zheng et al., 2009). The Dabie orogenic belt extends across Cen-
tral China and was formed by continental subduction of the Yangtze
carton beneath the Sino-Korean carton during the Triassic (Li et al.,
2000). UHP rocks composed of eclogite, biotite gneiss (paragneiss),
jadeite quartzite and marble are exposed in the southeast Dabie
Mountains (Fig. 1a). These UHP rocks occur widely within granitic
gneiss associated with amphibolite facies gneisses (the Dabie com-
plex rocks) and some younger granitic intrusions. Comprehensive re-
views on the Dabie–Sulu UHP rocks are presented by Zhang et al.
(2011) and Zheng et al. (2009, 2011).There is increasing evidence for partial melting in eclogites and
gneisses based on data from detailed investigations of zircons (for a
review see Liu and Liou, 2011; Zheng et al., 2011). However, there
have been only very few studies that report polyphase inclusions
from this region. Polyphase inclusions in kyanite-quartzites ± topaz
from the Donghai area in Sulu were interpreted as trapped Na–Al–Si
supercritical ﬂuids formed close to peak metamorphic conditions
(Ferrando et al., 2005; Frezzotti et al., 2007). Polyphase inclusions
mainly consisting of K-feldspar, plagioclase and quartz in eclogites
from the same area were interpreted as granitic melts forming during
the early stages of exhumation (Zeng et al., 2009). Gao et al. (2012,
2013) reported similar inclusions from the Dabie Mountains and
they suggested that these inclusions represent partial melts formed
during exhumation. Malaspina et al. (2006) investigated polyphase
inclusions in garnet–orthopyroxenites fromMauwu, the Dabie Moun-
tains, and they suggested that these inclusions derive from residual
ﬂuids after interaction of hydrous granitic melts with ultramaﬁc
rocks close to peak metamorphic conditions.
Our study focuses on the Shuanghe locality, which is situated at
the Eastern end of the Dabie UHP belt. Based on the mineral assem-
blage and chemistry of eclogite, Cong et al. (1995) estimated
P N 3.0 GPa and T ~ 720–880 °C for UHP metamorphic events of the
Shuanghe UHP rocks. The amphibolite-facies retrogression occurred
at 1.5 GPa and 650 °C (Zhang et al., 2003). The formation of the igne-
ous protolith of the Shuanghe granitic gneiss was determined to be
724–768 Ma by U–Pb dating of magmatic zircon cores (Zheng et al.,
2003a). Sm–Nd isotopes of separated UHP minerals garnet,
omphacite and rutile, yield an age of 226 ± 3 Ma for the Shuanghe
eclogite, which was interpreted to represent the timing of peak UHP
metamorphism (Li et al., 2000). A similar age of 234 ± 3 Ma at the
peak conditions of ~5.5 GPa and 780–850 °C was reported by Liu et
al. (2006) using zircon SHRIMP U–Pb dating on zircons from the
Shuanghe eclogite. Gao et al. (2011) provided evidence for a more
complex P–T–t path based on a combined approach using U–Pb dat-
ing of zircon and titanite with trace element thermometry. These
authors suggested that the temperature at peak pressure was signiﬁ-
cantly lower at ~700 °C and peak temperatures occurred during ex-
humation of the UHP rocks.
3. Analytical techniques
Major element composition of bulk rocks was determined by a
wavelength-dispersion XRF-1800 spectrometer in the Laboratory of
Biogeology and Environmental Geology, China University of Geosciences
(CUG), Wuhan. Trace element concentration of bulk rocks was analysed
by inductively coupled plasma mass spectrometry (ICP-MS) in the Labo-
ratory of Geological Processes and Mineral Resources (GPMR) at CUG.
About 60 g rock powders (b200 meshes) were digested by HF + HNO3
in Teﬂonbombs and analysedwith anAgilent 7500a ICP-MS. The detailed
sample-digesting procedure, analytical precision and accuracy for trace
elements are described in detail in Liu et al. (2008).
Major element analyses of minerals (e.g. garnet and omphacite) in
eclogite were performed using a JXA-8100 electron microprobe
housed at the GPMR with an acceleration voltage of 15 kV, a beam
current of 20 nA and a beam diameter of 1 μm. Back scattered elec-
tron (BSE) images of polyphase inclusions were acquired using a
JEOL 6610A scanning electron microscope at the Research School of
Earth Sciences (RSES), The Australian National University (ANU),
Canberra. Mineral composition within inclusions (e.g. epidote and
phengite) were determined on a JEOL 6400 scanning electron micro-
scope equipped with an energy dispersive detector at the Advanced
Microscope Center (ANU), using an acceleration voltage of 15.0 kV
and a beam current of 1 nA.
Trace element analyses of minerals and polyphase inclusions were
performed in situ by LA-ICP-MS (Agilent 7500) at the RSES (ANU).
Spot sizes of 37 μm to 81 μm were used depending on the size of
Fig. 1. (a) Geological map and sample location of the Shuanghe UHP area, modiﬁed from Xu et al. (1998). Inset: geographic location of the Shuanghe area in the Dabie Mountains,
central China. (b) Simpliﬁed cross-section of sample location. The layered eclogite shows thin compositional layers of garnet-rich, garnet + quartz-rich and omphacite-rich
domains.
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(gas blank) for the background followed by 40 s for the ablation on
the sample. Data were output as a time-resolved signal. This is essen-
tial for the analyses of small inclusions that require integration of only
a selected part of the analysis. Data were processed using an Excel
spreadsheet written for the purpose by C. Allen. Element concentra-
tions were calibrated using multiple reference materials (NIST-610,
NIST-612 and BCR-2G) as the external standards. Reference values
were taken from Pearce et al. (1997) for NIST-610 and the compila-
tion of Keller et al. (2008) for NIST-612. Primary standards were
analysed every 10–12measurements. We used 43Ca, 29Si and 27Al as in-
ternal standard isotopes, based on CaO, SiO2 or Al2O3 concentrationsmeasured by a JXA-8100 electronmicroprobe. Comparedwith the stan-
dard values of BCR-2G (GeoReM database (http://georem.mpch-mainz.
gwdg.de/), CaO = 7.06 wt.% as internal standard), the results for this
glass are reproduced within 7%.
4. Sample descriptions
4.1. Field relations
A suite of samples including a fresh, homogenous eclogite
(sh0201) and layered eclogites (sh03-A, -B, -C, -D) were collected
from the Shuanghe UHP area for a detailed study. Field observations
94 Q. Liu et al. / Lithos 177 (2013) 91–109show that at over a distance of approx. 300 m there is a sequence
starting from high-grade carbonates hosting eclogite boudins,
followed by gneisses that are interlayered with eclogites (Fig. 1b).
These eclogites are thus classiﬁed as G-type eclogite (Zheng et al.,
2003b). The great lithological variety and the presence of carbonates
likely indicate a sedimentary origin of the protolith. The eclogite
sample occurs in the center of a maﬁc lense and has a medium to
ﬁne-grained granoblastic texture with a weak foliation. Towards the
contact with the gneisses the eclogites are retrogressed into amphib-
olites. The purpose of this sample is to provide a reference material to
which the layered eclogites can be compared.
The layered eclogites investigated in this study were sampled
from a small stream about 150 m east of the homogenous eclogite
(Figs. 1b, 2a). This outcrop exposes a ~1 m wide maﬁc body within
a gneiss that consists of several thin layers consisting of garnet-rich
(sh03-A; Fig. 2b), garnet + quartz-rich (sh03-B, -C; Fig. 2c) and
omphacite-rich (sh03-D) domains (Fig. 2d). These eclogitic layers
are in concordant contact with the garnet-bearing biotite gneisses.
The boundaries between these compositional layers are parallel to
the foliation of the adjacent gneisses. In gneisses and eclogites, no
macroscopic evidences for partial melting, such as leucosomes or dis-
cordant dikelets of granitic composition, were found.4.2. Mineral assemblages
The homogenous eclogite is composed of garnet + omphacite +
quartz + apatite + rutile with minor magnetite and pyrite. A thin
rim of amphibole + plagioclase around omphacite is observed
(Fig. 2a), indicating minor ﬂuid inﬂux during retrograde conditions.
Coesite inclusions in garnet are rarely present in eclogites from this
sample.
In thin section the layered eclogites are characterized by fresh garnet,
with grain size ranging from 0.2 to N1.0 mm in different compositional
zones (Fig. 3). The content of omphacite in the garnet-rich zone is rela-
tively low and a few grains are rimmed by amphibole + plagioclase
symplectite (Fig. 2b), whereas omphacite in the omphacite-rich zone
is completely replaced by such symplectites (Fig. 2d). No relict coesite
inclusions are observed in both garnet and omphacite in these samples.
Rutile is present in all domains and is usually replaced by titanite in
zones with abundant amphibole and plagioclase. Apatite is a common
accessory phase in the homogenous eclogite and is also present in
garnet-rich domains of the layered eclogites (sh03-A, sh03-B and
sh03-C) but absent in the omphacite-rich domain (sh03-D). Ilmenite
and rarely magnetite are associated with symplectites and formed dur-
ing the retrogression. Some garnet grains are replaced at the margins
by late stage chlorite.4.3. Inclusion assemblages
Garnet is the best preserved-phase in the investigated eclogites. In
the homogenous eclogite, quartz and rutile are themost common inclu-
sions. Abundant additional inclusions have been observed in garnets in
all domains of the layered eclogites (Fig. 3). We have conducted a sys-
tematic investigation of the inclusions in these layers by back-scatter
electron imaging, which revealed a great variety of different types of in-
clusions (Fig. 4). Subhedral ﬂakes of 100–250 μm sized phengite inclu-
sions have been observed. Some of the phengites appear fully preserved
(Fig. 4d), others are partially replaced by amphibole andmuscovite and
have large irregular voids (Fig. 4a, b).Fig. 2. Polished sections of homogeneous eclogite (sh0201) and layered eclogite (left), an
(right). (a) The homogeneous eclogite (sh0201) consists of garnet, omphacite, quartz,
(sh03-A) is mainly composed of ﬁne-grained garnet, quartz and apatite. (c) Garnet + qua
commonly contain polyphase inclusions. (d) Omphacite in omphacite-rich zone (sh03-D)
graphs is 200 μm in length. (Abbreviations: Grt = garnet, Omp = omphacite, Qtz = quartA second type of inclusion consists of an assemblage of Ca–Al-rich
minerals. Fig. 4c and d shows a 100–200 μm sized epidote lath that
contains some small omphacite (Jd60Aug40) with high jadeite con-
tent. This epidote is associated to a tight intergrowth of zoisite,
amphibole and quartz. In another polyphase inclusion with a rectan-
gular shape, there are voids observed together with the epidote and
the zoisite–amphibole–quartz intergrowth.
Polyphase K-feldspar + quartz inclusions range from 30 to
150 μm in size and exhibit oval to regular shape. They occur in the
core and rim of garnet in the garnet-rich zone (sh03-A) and
garnet + quartz layers (sh03-B, -C), respectively (Fig. 4e, f). No
such inclusions were found in the omphacite-rich zone (sh03-D).
These inclusions consist of approximately equal amounts of
K-feldspar and quartz with no other minerals (Fig. 4g, h). K-feldspar
and quartz within these inclusions are intermingled with a mosaic
texture and irregular voids in varying sizes have been observed (e.g.
Fig. 4g, h). Most of the inclusions are surrounded by radial fractures
and some exhibit regular negative-crystal shapes in the host garnet
(e.g. Fig. 4e,i). Occasionally, the inclusions contain also plagioclase
intergrown with K-feldspar and quartz. In one such inclusion, relic
phengite and minor amphibole were observed together with the
quartz–feldspar intergrowth (Fig. 4j).
A third type of polyphase inclusion displays oval to irregular
shapes, which range from 40 μm to 100 μm in size and are occasion-
ally surrounded by radial cracks (Fig. 4k, l). These inclusions may
contain precursor high-pressure minerals such as omphacite and
phengite, which have been replaced by a ﬁne-grained mixture of var-
ious proportions of retrograde minerals such as amphibole, plagio-
clase, biotite, K-feldspar, and quartz. For example, phengite has
been totally replaced by biotite within an inclusion (Fig. 4k). Inclu-
sions consisting of amphibole–plagioclase symplectites commonly
occur in host garnet, which displays a texture similar to that of the
matrix of the retrogressed eclogites (Fig. 4l).
5. Whole-rock chemistry
5.1. Major elements
Major and trace elements of selected eclogites are listed in Table 1.
The homogenous eclogite (sh0201) has a major element composition
compatible with a basaltic protolith. The P2O5 content of 0.27 wt.% re-
sults in ~1% of modal apatite observed in this sample. The garnet-rich
zone of the layered eclogite (sh03-A), has lower contents of
FeO + MgO, CaO and Na2O, but higher contents of SiO2 and Al2O3
than the homogenous eclogite. The omphacite-rich zone of the lay-
ered eclogite (sh03-D) is characterized by relatively high contents
of Al2O3 and Na2O and low contents of TiO2 and FeO. The three
eclogitic samples have all low K2O contents (Table 1).
5.2. Trace elements
The chondrite-normalized rare earth element (REE) compositions of
eclogites from Shuanghe are shown in Fig. 5a. The eclogites have large
variations in light rare earth element (LREE) contents and rather
ﬂat heavy rare earth element (HREE) patterns in the chondrite-
normalized REE diagrams. The homogenous eclogite (sh0201) displays
a slight LREE-enrichment at 20 times chondrite and (La/Sm)N = 1.93.
Compared to the homogeneous eclogite, the garnet-rich zone of the lay-
ered eclogite (sh03-A) is depleted in LREE ((La/Sm)N = 0.98) and has
similar HREE contents. This zone displays a weak negative Ce anomalyd photomicrographs of the representative mineral assemblages in selected eclogites
apatite and rutile. Omphacite is rimmed by thin symplectite. (b) Garnet-rich zone
rtz-rich zones (sh03-B, -C) are dominated by quartz and coarse-grained garnet, which
is totally replaced by symplectite of plagioclase and amphibole. Scale bar in all micro-
z, Rt = rutile, Ap = apatite, Sym = symplectite, Amp = amphibole).
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Fig. 3. Thin sections of layered eclogite (left) with sketch proﬁle map (middle) and photomicrographs of inclusions hosted by garnet in different compositional zones (right). In-
clusions surrounded by radial fractures commonly occur in the core and rim of garnet from garnet-rich zones (sh03-A) and garnet + quartz zones (sh03-B, -C) but not in
omphacite-rich zones (sh03-D). Note ﬁne-grained garnet in garnet-rich zones and coarse-grained garnet in garnet + quartz zones.
96 Q. Liu et al. / Lithos 177 (2013) 91–109which is expressed as Ce/Ce* = 0.74 (Ce/Ce* = CeN / [(LaN + PrN) ×
0.5]) (Meen, 1990). The omphacite-rich zone of the layered eclogite
(sh03-D) shows a quite different REE distribution pattern characterized
by signiﬁcant LREE depletionwith (La/Sm)N = 0.78 and signiﬁcant neg-
ative Ce anomaly (Ce/Ce* = 0.35) (Fig. 5a, Table 1).
In the primitive mantle-normalized spider diagram (Fig. 5b), all
eclogite samples display similarly low large ion lithophile elements
(LILE) (e.g. Cs, Ba, K and Sr) and have U N Th. The homogenous
eclogite displays elevated Nb and Ta contents but negative anomalies
in Zr and Hf as well as Sr. Such a trace element characteristic is com-
patible with a within-plate basalt as protolith, in agreement with the
tectonic setting of the eclogite. The garnet-rich zone of the layered
eclogite (sh03-A) is enriched in high ﬁeld strength elements (HFSE)
(e.g. Nb, Ta, Zr, Hf and Ti) relative to omphacite-rich zone. The
omphacite-rich zone of the layered eclogite (sh03-D) is characterized
by overall very low trace elements and a positive Sr-anomaly, where-
as the garnet rich zone displays a negative Sr-anomaly.
6. Mineral compositions
6.1. Garnet
Garnet in the homogenous eclogite has relatively high pyrope and
grossular contents and has an average composition of Alm55Grs22Pyr20
Spess1 (Table 2). No zoning has been observed in traverses throughgarnet. In the layered eclogites, garnets display higher grossular and
lower almandine contents (Alm42-44Grs33–35 Pyr20–22Spess1) than the
garnets from the homogeneous eclogite (Table 2, Fig. 6). It is worth not-
ing that garnets within different compositional domains have very simi-
lar compositions. Proﬁles through mineral grains and compositional
maps show that these garnets have homogeneous composition from
core to rim (Fig. 7).
The REE patterns of garnets are similar in different eclogite sam-
ples except a slight discrepancy in HREE content (Table 3, Fig. 8a).
All garnets show a strong fractionation between HREE-enrichment
and LREE-depletion with no notable difference in element composi-
tion between the core and the rim (Electronic appendix). As with
major elements, the REE patterns in garnets from the garnet-rich,
omphacite-rich and the garnet–quartz layers are nearly identical. No
negative Eu or Ce anomalies are observed. Garnet is the main host
of HREE in the eclogites.
6.2. Omphacite
Omphacite in the homogenous eclogite has a chemical composi-
tion of Jd36Aug55Acm9 (Table 2). There is also no compositional vari-
ation from core to rim. Omphacite within the epidote inclusions
hosted in garnet from the layered eclogites has higher jadeite and
lower augite (Jd60Aug40) components than the omphacite in the ma-
trix of the homogeneous eclogites (Table 4). Omphacite in the matrix
Fig. 4. BSE images of representative inclusions in layered eclogite. (a, b) Phengite inclusion is rimmed by amphibole and muscovite associated with voids within inclusions.
(c, d) Epidote inclusions are associated with an intergrowth of zoisite, amphibole and quartz and tiny omphacite inclusions occur within the epidote. (e–f) K-feldspar is intergrown
with quartz within inclusions. These inclusions occur in the core and rim of host garnet. (g–i) K-feldspar + quartz inclusions are hosted by garnet from sh03-A, sh03-B and sh03-C,
respectively. The inclusions are surrounded by radial fractures and have well-developed off-shoot structure. (j) Polyphase inclusion consists of relic phengite, K-feldspar, plagio-
clase, quartz and amphibole, indicating melting of phengite in host eclogite. (k) Polyphase inclusion consists of K-feldspar, plagioclase, biotite, quartz and amphibole.
(l) Symplectite-like intergrowth of amphibole–plagioclase present in inclusion. The inclusions of (a–c), (h) and (j–l) were observed in the rim of host garnet and inclusions of
(d), (g) and (i) were preserved in the core of host garnet. Kfs = K-feldspar, Phe = phengite, Zoi = zoisite, Ms = muscovite, Bt = biotite, Ep = epidote, Pl = plagioclase,
other mineral abbreviations are the same as in Fig. 2.
97Q. Liu et al. / Lithos 177 (2013) 91–109of the layered eclogites is replaced by symplectites consisting of
plagioclase and pargasitic amphibole (Table 4).
The REE pattern of omphacite in the homogeneous eclogite is
characterized by depletion in HREE and enrichment in LREE with
absolute concentrations up to 2–5 times chondritic values (Fig. 8a).
Omphacite shows little variation in the concentration of HREEfrom core to rim. The regular REE partitioning between garnet and
omphacite indicates that the two phases are in trace element equilib-
rium (Fig. 8a) (Hermann, 2002). Omphacite is the main host of Li and
an important carrier for Sr and Pb.
We also analysed the symplectites in the homogenous and the
layered eclogites with a relatively large spot size of 81 μm, which
Table 1
Major (wt.% oxide) and trace (ppm) element compositions of homogeneous eclogite
(sh0201) and layered eclogites (sh03-A, sh03-D).
Rock sample Homogeneous eclogite
(sh0201)
Layered eclogites
Garnet-rich
zone (sh03-A)
Omphacite-rich
zone (sh03-D)
SiO2 49.57 54.59 51.73
TiO2 2.26 2.65 0.33
Al2O3 13.63 15.12 17.44
FeOa 16.81 15.29 9.69
MnO 0.22 0.26 0.14
MgO 6.21 4.04 6.03
CaO 9.89 8.20 10.25
Na2O 2.21 0.83 4.18
K2O 0.03 0.03 0.09
P2O5 0.27 0.18 bdl
Total 101.97 102.13 100.26
LOI 0.87 0.94 0.37
Li 12.4 0.81 1.53
Be 0.82 0.26 1.36
Sc 46.6 45.8 26.1
V 453 233 205
Cr 100 99.0 149
Co 77.7 146 45.1
Ni 67.5 17.8 71.5
Cu 65.1 7.71 7.31
Zn 126 105 129
Ga 21.0 11.8 22.6
Rb 1.08 1.26 1.80
Sr 103 31.5 54.3
Y 34.6 32.1 13.7
Zr 63.7 164 37.8
Nb 9.98 21.6 2.71
Mo 0.51 0.60 0.17
Sn 1.26 2.24 1.19
Cs 0.01 0.01 0.01
Ba 5.55 32.4 31.3
La 10.1 2.24 1.04
Ce 27.8 4.18 0.85
Pr 4.47 0.83 0.35
Nd 21.0 4.28 1.81
Sm 5.21 2.27 1.33
Eu 1.64 1.00 0.64
Gd 5.50 4.13 2.40
Tb 0.94 0.82 0.42
Dy 5.98 5.52 2.60
Ho 1.18 1.09 0.48
Er 3.33 3.28 1.38
Tm 0.48 0.48 0.19
Yb 3.04 3.11 1.24
Lu 0.46 0.46 0.17
Hf 1.71 4.25 1.05
Ta 0.71 1.28 0.17
Pb 0.64 0.47 1.39
Th 0.32 0.29 0.04
U 0.36 0.88 0.26
bdl = below detection limits.
a Represents total iron.
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patterns of the symplectites in the homogenous eclogite follow amix-
ture of garnet + omphacite, with slightly elevated LREE, MREE, Ti, V
and Sr contents and depletion in Li. This indicates that accessory min-
erals such as rutile and apatite also contributed to the formation of
the symplectites. There is no negative Ce anomaly observed. In con-
trast, the symplectites from the layered eclogites display a signiﬁcant
negative Ce anomaly (Ce/Ce* = 0.08–0.34) and slight negative Eu
anomaly and are characterized by much lower LREE contents
(Fig. 8a, Table 3).
6.3. Apatite
Trace element analyses were carried out on apatite from the ho-
mogenous and layered eclogites. Apatite in the homogenous eclogiteis rich in LREE and depleted in HREE (Fig. 8b). The REE patterns dis-
play a maximum for Sm and Nd (Table 3). Apatite is the main host
for LREE. There is no negative Eu-anomaly and apatite shows high
concentrations for Sr. These observations indicate that apatite did
not equilibrate during the minor symplectite stage, in which plagio-
clase is stable. The low HREE contents indicate that apatite equilibrat-
ed with garnet, which is the main host for HREE. Apatite from the
garnet + quartz rich domain in the layered eclogite shows much
lower LREE and a small negative Eu anomaly (Fig. 8b). The HREE con-
tent is similar to the homogeneous eclogite indicating equilibrium
with garnet. The much lower LREE content reﬂects the changed
bulk rock composition in this domain, which is characterized by the
LREE-poor assemblage of garnet + quartz. No negative Ce-anomaly
is observed in these apatites.
6.4. Rutile
Rutile is also a peak metamorphic mineral in the eclogites. The
HFSE contents of rutile were analysed by means of LA-ICP-MS. Rutiles
in the homogenous eclogite contain high concentrations of HFSE
(Zr = 80–138 ppm; Hf = 4.3–5.1 ppm; Nb = 389–588 ppm and
Ta = 20–26 ppm). High contents of V (2333–2771 ppm) and Cr
(246–300 ppm) and elevated U (4.5–5.5 ppm) were also detected
in these rutile grains. Rutiles from the garnet + quartz rich domain
in the layered eclogite (e.g. sh03-B) have higher contents of Nb
(724–791 ppm), Ta (31–42 ppm) and Cr (331–408 ppm), but lower
contents of Zr (86–95 ppm), V (1174–1451 ppm) and U (1.0–2.8 ppm)
than the homogeneous eclogite.
6.5. Epidote
Epidote with relatively high Fe2O3 occurs as inclusion in the lay-
ered eclogite (Table 4). The trace element content of one of the inclu-
sions could be determined using a small spot size of 21 μm. Epidote is
characterized by a signiﬁcant LREE depletion with (La/Sm)N = 0.38
and a negative Ce anomaly (Ce/Ce* = 0.13–0.62) and there is no
depletion in HREE (Table 5). Epidote has also high Sr, Pb and Y
concentrations.
6.6. Phengite/muscovite
In the layered eclogite (sh03-A, -C), two types of phengite exist in
inclusions. Idiomorphic phengite inclusions (Fig. 4 a, b, j) have a high
Si content of 3.58 p.f.u. (O = 11), whereas phengite in complex
inclusions contains a Si content of 3.49 p.f.u. Muscovite found in part-
ly decomposed phengite has a signiﬁcantly lower Si content of
3.12 p.f.u. (Table 4). The trace element composition of idiomorphic
phengite is characterized by a strong enrichment in Li, Rb and Ba
(Li = 24 ppm, Rb = 384 ppm and Ba = 794 ppm) and has a rela-
tively low Ti content of 1245 ppm (Table 5).
6.7. K-feldspar + quartz inclusions
The major element composition of K-feldspar + quartz inclusions
is reconstructed by combining the modal amounts of quartz and
K-feldspar with their compositions. The K-feldspar is homogeneous
in composition with very low contents of Na and Ca (Table 4). The in-
clusions show an averaged bulk composition of SiO2 = 82 wt.%,
Al2O3 = 8.7 wt.% and K2O = 7.9 wt.%.
The trace element compositions of K-feldspar + quartz inclusions
were determined by LA-ICP-MS with a spot size of 37–47 μm, which
is usually larger than or close to the size of these inclusions. The
proportions of garnet and inclusion from each analysis have been
evaluated using BSE images from the inclusion before and after the
analysis. Commonly, the single K-feldspar + quartz inclusions con-
tribute 60 to 95 vol.% of the volume ablated by the laser. The amount
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Fig. 5. Chondrite-normalized REE patterns (a) and primitive mantle-normalized spider diagrams (b) of eclogitic samples from the Shuanghe. Chondrite values are from Taylor and
McLennan (1985) and primitive mantle values are based on McDonough and Sun (1995).
99Q. Liu et al. / Lithos 177 (2013) 91–109of host garnet from such image analyses was subtracted from the mea-
surement values in order to provide a more representative trace ele-
ment pattern of the inclusions. In any case, due to the low LREE and
LILE contents of garnet, these elements are entirely derived from the in-
clusions and provide the characteristics of trace element compositions
of these quartzo-feldspathic inclusions. The HREE values of the in-
clusions are not very well constrained as a small difference in the
amount of subtracted garnet can make a signiﬁcant difference in the
HREE concentrations within the inclusion. Five representative trace el-
ement analyses are listed in Table 5. Normalized trace elements of
K-feldspar + quartz inclusions are shown in Fig. 9.
Almost all of the K-feldspar + quartz inclusions display enrich-
ment in LILE, Pb and LREE with respect to the host garnet. The LREE
contents are up to 4–50 times chondrite and (La/Sm)N varies from
1.1 to 5.1. The inclusions have a negative Ce anomaly (Ce/Ce* =
0.09–0.58) (Fig. 9a), which is also observed in the amphibole–plagio-
clase symplectites (Ce/Ce* = 0.03–0.25) (Fig. 8a). The inclusions
show UN N ThN and marked negative anomalies for Nb, Ta, Ti and Zr,
Hf.7. Constraints on the metamorphic evolution
Based on thin section, BSE observations and mineral compositions,
several metamorphic stages can be individuated. In this section, we
compare this data with metamorphic conditions obtained from the
same area by other studies. The inferred relation of mineral growth
to metamorphic stages is summarized in Fig. 10.
The main mineral assemblage in the homogenous eclogite with
garnet–omphacite–rutile–coesite/quartz is characteristic of UHP con-
ditions. The homogeneous eclogites at Shuanghe contain relic coesite
inclusions in garnet, providing clear evidence that these rocks
underwent UHP conditions (e.g. Carswell et al., 1997; Gao et al.,
2012). The composition of main minerals as well as mineral inclusions
in the layered eclogite investigated in this study helps to further con-
strain the metamorphic conditions of the eclogites. The high Si content
(3.58 p.f.u.) in phengite and high jadeite component (up to 60 mol%) in
omphacite in garnet-hosted inclusions (Fig. 4a–d, Table 4) overlaps
in composition with previous data from phengite-eclogites from
Shuanghe reported by Carswell et al. (1997), indicating that they
Table 2
Major (wt.% oxide) element compositions of different types of garnets and omphacite from the Shuanghe eclogites.
Mineral Grt-core Grt-rim Omp Grt-A Grt-B Grt-C Grt-D
Rock sample Homogenous eclogite (sh0201) Layered eclogites
Garnet-rich
zone (sh03-A)
Garnet + quartz-rich
zone (sh03-C)
Omphacite-rich
zone (sh03-D)
Number n = 3 n = 5
SiO2 37.48 37.45 55.64 38.66 37.80 38.25 38.13
TiO2 0.09 0.09 0.08 0.07 0.09 0.10 0.09
Al2O3 21.41 21.47 8.04 21.90 21.91 21.87 21.97
FeOa 25.97 25.98 7.13 20.78 21.00 20.00 19.85
MnO 0.46 0.46 bdl 0.43 0.48 0.44 0.44
MgO 5.11 5.18 8.45 5.63 5.31 5.58 5.81
CaO 8.47 8.30 13.56 12.11 12.54 12.81 12.71
Na2O 0.02 0.02 6.44 0.03 0.02 0.03 0.03
K2O bdl bdl bdl bdl bdl bdl bdl
Total 99.01 98.95 99.32 99.61 99.15 99.09 99.03
Si 2.96 2.96 2.00 2.98 2.94 2.97 2.96
Ti 0.01 0.01 0.00 0.00 0.01 0.01 0.00
Al 1.98 2.00 0.34 1.99 2.01 2.00 2.01
Fe3+ 0.09
Fe2+ 1.72 1.71 0.13 1.34 1.37 1.29 1.29
Mn 0.03 0.03 0.00 0.03 0.03 0.03 0.02
Mg 0.59 0.61 0.46 0.65 0.61 0.64 0.67
Ca 0.74 0.70 0.53 1.00 1.04 1.06 1.06
Na 0.00 0.00 0.45 0.00 0.00 0.00 0.00
Cation 8.02 8.02 4.00 8.00 8.01 8.00 8.00
Alm 55.3 55.7 – 44.2 44.3 42.5 42.1
Grs 22.4 21.9 – 32.7 33.5 34.5 34.2
Pyr 19.5 20.1 – 21.6 20.3 21.4 22.2
Sps 1.0 1.0 – 0.9 1.0 1.0 1.0
Garnet is normalized on the basis of 12 oxygens and 8 cations. Omphacite is normalized on the basis of 6 oxygens and Fe3+ of omphacite is calculated according to the method of
Fe3+ = Na–Al–Cr.
Mineral abbreviations are the same as in Fig. 2. Other abbreviations: Grs = grossular, Alm = almandine, Sps = spessartine, Pyr = pyrope.
a Represents total iron.
100 Q. Liu et al. / Lithos 177 (2013) 91–109experienced the same peak metamorphic conditions. Krogh Ravna and
Terry (2004) combined Fe–Mg thermometry with garnet–phengite–
omphacite barometry from three samples described by Carswell et al.
(1997) to constrain the peak UHP conditions to 3.7–4 GPa and 700–
740 °C (Fig. 11). This temperature range is slightly higher than our
new data obtained by Zr-in-rutile thermometry. The Zr content
(80–138 ppm) of rutile in the homogeneous and layered eclogites
yields a temperature range of 640–690 °C using the Zr-in-rutile
thermometer (Tomkins et al., 2007). Fe–Mg thermometry on the ho-
mogenous eclogite using the calibration of Powell (1985) yields a com-
parable temperature range for a pressure of 3.5–4 GPa. For the lower
temperature range of 640–690 °C, peak pressures are slightly reduced
to 3.5–3.8 GPa. An independent control is provided by Ti contents in
phengite. The incorporation of Ti in phengite when buffered withFig. 6. Ternary diagrams of the endmember compositions of garnets from the homog-
enous eclogite and the layered eclogites. The sample abbreviations and number are the
same as in Table 2.coesite and rutile is sensitive to changes in pressure and temperature
(Auzanneau et al., 2010; Hermann and Spandler, 2008). The measured
0.24 wt.% TiO2 in the phengite inclusion and the 0.25–0.31 wt.% TiO2
reported by Carswell et al. (1997) is consistent with formation at
650–700 °C and 4.0–4.5 GPa (Auzanneau et al., 2010; Hermann and
Spandler, 2008). Therefore, our newdata and existing literature provide
coherent peak UHP conditions of 650–700 °C and 3.5–4 GPa.
The ﬁrst metamorphic stage following equilibration at peak pres-
sures is documented in polyphase inclusions that replace peak meta-
morphic inclusions such as phengite and omphacite. In this stage,
epidote, zoisite and amphibole form from Ca- and Al-rich precursor
minerals whereas phengite reacts to amphibole and muscovite
(Fig. 4a–d). The garnet appears stable during these transitions and
no related zoning has been observed in the host garnet. This suggests
that temperatures were high enough to obliterate zoning by diffusion
or recrystallisation of garnet. Our textural study provides evidence for
partial phengite breakdown (e.g. Fig. 4a, b, j). The different stages of
replacement of phengite within inclusions and the composition of
newly formed phases indicate that such a partial breakdown took
place during exhumation. The potential reactions will be presented
in the discussion. According to experimental data, at pressures of
1.5–2.3 GPa, phengite breaks down at T ≥ 800–850 °C (Fig. 11,
Point B) (Auzanneau et al., 2006; Liu et al., 2009; Skjerlie and Patino
Douce, 2002). Because of the positive slope of the phengite-
breakdown curve, much higher temperatures would be required to
eliminate phengite at UHP conditions. Temperatures of up to 800 °C
during exhumation were proposed based on the composition of
titanite that surrounds UHP rutile in other eclogites from the same
area (Gao et al., 2011). Application of the Zr-in-titanite thermometer
for these titanites yields temperatures of 780–840 °C at estimated
pressures of ~2 GPa (Gao et al., 2011). Heating during decompression
is further supported by Ti-in-zircon thermometry combined with age
data. Gao et al. (2011) convincingly showed that UHP zircon domains
Fig. 7. EDS X-ray compositional maps of the host garnet from the layered eclogite (sh03-B). (a) X-ray composite map. (b) Si. (c) Al. (d) K. (e) Ca. (f) Fe. (g) Mn. (h) Mg.
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Table 3
Trace (ppm) element compositions of the garnet, apatite and omphacite with its symplectite form in different eclogitic samples.
Mineral Grt-core Grt-rim Ap Omp Omp-sym Grt-A Grt-B Grt-C Ap Grt-D Amp + Pl
Rock sample Homogenous eclogite (sh0201) Layered eclogites
Garnet-rich zone
(sh03-A)
Garnet + quartz-rich zone
(sh03-C)
Omphacite-rich zone
(sh03-D)
Li 0.64 0.31 – 77.3 9.90 0.48 0.30 bdl – bdl 1.06
Be bdl bdl – 1.71 2.96 0.04 0.02 bdl – bdl bdl
P 34.4 38.9 – 19.6 31.4 59.3 61.7 42.3 – 55.0 20.1
Sc 51.3 52.1 – 30.6 69.5 51.4 44.3 47.3 – 46.5 20.2
Ti 286 212 – 393 705 320 359 316 – 313 408
V 150 163 – 795 1558 122 71.3 64.2 – 66.6 n.a.
Cr 75.6 67.1 – 96.1 146 94.1 80.1 99.5 – 101 n.a.
Rb bdl 0.02 – bdl 0.04 1.05 bdl bdl – bdl 2.23
Sr 0.09 1.82 4899 185 224 0.25 0.31 0.27 688 0.29 34.1
Y 56.3 49.5 34.8 0.70 2.84 35.5 34.9 32.5 34.7 33.4 4.92
Zr 0.81 0.63 – 2.58 3.73 2.12 2.65 2.10 – 2.17 1.44
Nb bdl bdl – bdl 0.09 0.92 bdl bdl – bdl 0.09
Cs bdl bdl – bdl 0.01 bdl bdl bdl – bdl 0.02
Ba bdl 0.21 – 0.39 4.57 bdl 0.05 0.08 – bdl 23.4
La bdl bdl 128 0.37 0.45 bdl bdl bdl 1.88 bdl 0.08
Ce 0.06 0.05 485 1.89 2.21 0.17 0.16 0.10 15.5 0.10 0.03
Pr 0.04 0.04 91.4 0.44 0.57 0.10 0.08 0.07 5.14 0.07 0.03
Nd 0.78 0.78 600 2.91 4.75 1.30 1.29 1.17 52.9 1.20 0.22
Sm 2.33 2.20 188 1.18 2.71 2.32 2.60 2.46 37.0 2.51 0.29
Eu 1.62 1.49 44.1 0.37 0.93 1.35 1.50 1.43 10.6 1.43 0.08
Gd 7.68 6.43 93.5 0.81 1.86 5.27 5.65 5.45 41.3 5.51 0.76
Tb 1.56 1.41 5.26 0.08 0.18 1.04 1.08 1.02 3.37 1.04 0.15
Dy 10.7 9.66 13.3 0.27 0.73 6.82 6.88 6.42 10.5 6.56 0.96
Ho 2.26 2.01 1.30 0.03 0.14 1.39 1.36 1.25 1.29 1.28 0.20
Er 6.34 5.34 2.15 0.05 0.27 3.89 3.61 3.29 2.43 3.39 0.52
Tm 0.89 0.75 0.20 bdl 0.03 0.54 0.49 0.44 0.27 0.46 0.07
Yb 6.25 5.34 1.10 bdl 0.23 4.06 3.53 3.19 1.67 3.31 0.52
Lu 0.87 0.72 0.14 bdl 0.03 0.56 0.48 0.42 0.21 0.43 0.07
Hf 0.01 0.01 – 0.20 0.28 0.03 0.03 0.03 – 0.03 0.07
Ta bdl bdl – bdl bdl 0.07 bdl bdl – bdl bdl
Pb 0.02 0.02 2.84 1.42 1.90 0.08 0.04 0.02 1.88 0.02 1.43
Th bdl bdl 3.02 bdl 0.04 0.11 bdl bdl 2.85 bdl bdl
U bdl 0.01 2.16 bdl 0.11 0.11 0.13 0.12 6.03 0.11 bdl
bdl = below detection limits. Mineral abbreviations are the same as in Fig. 2.
102 Q. Liu et al. / Lithos 177 (2013) 91–109that formed at ca 240 Ma yield a temperature of ~700 °C, whereas
younger zircon domains that formed at ca 225 Ma yield a tempera-
ture of 750–780 °C. The REE patterns of the zircons are consistent
with the absence of plagioclase, indicating that this high temperature
equilibration stage was still at eclogite facies conditions. All these
data provide a coherent picture of a P–T path that is characterized
by a signiﬁcant heating stage at 1.5–2 GPa (Fig. 11, Point B).
Themain retrogression with amphibole and plagioclase symplectites
replacing omphacite and ilmenite replacing rutile is indicative of am-
phibolite facies conditions. Assuming a pressure of about 1.0 GPa, a
maximum temperature of 700 °C was obtained using the Pl-Amp ther-
mometer for the Shuanghe eclogite (Fig. 11, Point D) (Liou et al., 1997;
Zhang et al., 2003). This provides evidence for signiﬁcant cooling during
further exhumation of the eclogites. A late stage upper greenschist facies
retrogression is documented by chlorite replacing garnet and titanite re-
placing rutile or ilmenite (Fig. 10).
8. Discussion
8.1. Origin of polyphase inclusions
Polyphase inclusions in UHP rocks from the Dabie–Sulu belt have
been used as evidence to constrain the nature and composition of
ﬂuid phases at high-pressure conditions. In previous investigations,
K-feldspar ± quartz inclusions (Yang et al., 1998; Zeng et al., 2009)
and multiphase inclusions (Ferrando et al., 2005) in primary minerals
(i.e. omphacite, kyanite) were identiﬁed in the Sulu eclogites. Poly-
phase inclusions in ultramaﬁc pyroxenites in the Dabie Mountainshave been interpreted as residual ﬂuids after melt–peridotite interac-
tions (Malaspina et al., 2006). Recently, K-feldspar ± quartz inclu-
sions were also reported in the Dabie eclogites (Gao et al., 2012,
2013). We report three types of polyphase inclusions within garnet
that derive from different processes during exhumation of the UHP
eclogites.
8.1.1. Ca–Al-rich inclusions
The ﬁrst polyphase assemblage consists of a symplectitic inter-
growth of zoisite + quartz ± amphibole that is associated to epidote
(Fig. 4c, d). The tight intergrowth of minerals suggests they represent
a pseudomorphic replacement of a previous mineral. The high
amount of epidote/zoisite indicates that the precursor mineral was
Ca–Al-rich. This suggests that these inclusions formed by replacing
former lawsonite (Tsujimori et al., 2006). Evidence of relic omphacite
within epidote inclusion indicates that breakdown of lawsonite
would occur along a reaction: Lawsonite + Omphacite = Epidote/
Zoisite + Quartz + Amphibole + Fluid (Fig. 4c, d). The estimated
peak P–T conditions of host eclogite are well within the stability
ﬁeld of lawsonite (Fig. 11) (Forneris and Holloway, 2003; Schmidt
and Poli, 1998), providing further evidence that lawsonite might
have been a prograde or peak metamorphic phase in the layered
eclogites. No lawsonite has been found in the homogenous eclogite.
However, the homogenous eclogite is less Al-rich than the layered
eclogite, which might explain why no lawsonite is present there.
Lawsonite pseudomorphs have been described in previous investiga-
tion of the Dabie UHP eclogites (Li et al., 2004) and recent petrological
studies showed that aggregates of epidote, kyanite and quartz likely
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Fig. 8. Chondrite-normalized REE patterns of garnet, omphacite and symplectite in homogeneous eclogite (sh0201) and layered eclogites (a), apatite in the homogeneous eclogites
(sh0201) and in the garnet + quartz-rich layer (sh03-C) (b). Chondrite values are from Taylor and McLennan (1985).
103Q. Liu et al. / Lithos 177 (2013) 91–109represent pseudomorphs of lawsonite in the Ganghe eclogite,
Dabie orogen (Guo et al., 2012). The presence of zoisite + quartz ±
amphibole within inclusions is thus interpreted as lawsonite break-
down within the stability ﬁeld of amphibole + zoisite during decom-
pression (Fig. 11, Point A). Such a breakdown liberates an aqueous
ﬂuid that potentially could triggerwetmelting in the eclogite. However,
experimental studies convincingly show that there is no overlap be-
tween the wet solidus and the lawsonite stability ﬁeld and hence
lawsonite breakdown will not result in partial melting of the eclogite
(Forneris and Holloway, 2003). We suggest that this ﬁrst type of
polyphase inclusion represents a mineral intergrowth related to asubsolidus breakdown reaction rather than crystallisation products of
a trapped ﬂuid phase.
8.1.2. Mixed inclusions
The complex polyphase inclusions with abundant amphibole +
plagioclase resemble the retrograde assemblage found in the
symplectites that decompose the omphacite in the matrix of the
eclogites. The minor presence of biotite, quartz and K-feldspar in
such inclusion is likely related to a composite phengite–omphacite
precursor inclusion (Fig. 4k). The trace element characteristic of an
amphibole + plagioclase inclusion is very similar to that of the
Table 4
Major (wt.% oxide) element compositions of minerals in polyphase inclusions within layered eclogitesa.
Inclusions Phengite inclusion Epidote inclusion Phengite inclusion Kfs + Qtz
inclusion
Mixed inclusion Amp + Pl
inclusion
Mineral Phe Amp Ms Epi Omp Zoi Amp Phe Kfs Pl Amp Kfs Amp Kfs Pl Amp Pl
Figure Fig. 4(a, b) Fig. 4(c, d) Fig. 4(j) Fig. 4(g–i) Fig. 4(k) Fig. 4(l)
SiO2 53.25 38.77 48.10 37.45 56.86 39.34 46.46 51.55 63.61 61.41 40.94 65.49 47.04 65.18 62.45 41.31 63.54
TiO2 0.24 0.04 0.07 0.08 0.08 0.06 0.14 0.12 0.25 0.00 0.03 0.04 0.12 0.06 0.04 0.18 bdl
Al2O3 23.17 15.99 36.39 23.81 14.35 31.02 14.86 22.58 18.24 22.72 11.20 17.48 8.16 17.74 20.74 13.78 22.15
FeOb 1.73 24.11 2.21 11.18 3.53 2.20 7.19 4.21 0.76 0.74 22.98 0.40 18.70 0.69 2.50 16.53 0.19
MnO 0.01 0.15 bdl 0.14 bdl bdl bdl 0.05 0.16 0.09 0.29 bdl 0.08 0.01 0.00 0.17 bdl
MgO 5.11 4.29 0.40 0.11 6.15 0.06 14.88 3.94 0.13 0.21 6.69 0.03 10.62 0.14 1.47 10.49 0.03
CaO 0.02 11.40 0.11 22.61 9.72 23.61 10.92 0.11 0.00 4.41 11.19 0.04 11.47 0.09 3.25 12.42 4.18
Na2O 0.19 1.56 0.10 0.06 8.80 0.01 2.58 0.21 0.21 8.69 1.43 0.10 1.25 0.42 8.07 2.16 9.08
K2O 10.49 0.74 9.92 bdl bdl 0.01 0.03 9.61 15.94 0.01 0.80 15.87 0.21 15.30 0.90 0.18 0.03
Total 94.23 97.05 97.29 95.43 99.49 96.30 97.06 92.37 99.30 98.28 95.55 99.46 97.64 99.63 99.43 97.21 99.20
Si 3.58 6.00 3.12 5.95 2.00 5.87 6.62 3.57 2.97 2.77 6.40 3.04 6.97 3.02 2.81 6.16 2.83
Ti 0.01 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.02 0.00
Al 1.83 2.92 2.78 4.51 0.60 5.67 2.50 1.84 1.00 1.21 2.06 0.95 1.42 0.97 1.10 2.42 1.16
Fe3+ 0.58 1.50 0.00 0.29 0.20 0.68 0.40 0.59
Fe2+ 0.10 2.54 0.12 0.00 0.10 0.00 0.65 0.24 0.03 0.03 2.32 0.02 1.92 0.03 0.09 1.47 0.01
Mn 0.00 0.02 0.00 0.02 0.00 0.00 0.00 0.00 0.01 0.00 0.04 0.00 0.01 0.00 0.00 2.33 0.00
Mg 0.51 0.99 0.04 0.03 0.32 0.01 3.16 0.41 0.01 0.01 1.56 0.00 2.35 0.01 0.10 0.02 0.00
Ca 0.00 1.89 0.01 3.89 0.37 3.92 1.67 0.01 0.00 0.21 1.87 0.00 1.82 0.00 0.16 1.98 0.20
Na 0.02 0.47 0.01 0.02 0.60 0.00 0.71 0.03 0.02 0.76 0.43 0.01 0.36 0.04 0.70 0.62 0.78
K 0.90 0.15 0.82 0.00 0.00 0.00 0.01 0.85 0.95 0.00 0.16 0.94 0.04 0.90 0.05 0.03 0.00
Cation 6.96 15.56 6.90 16.00 4.00 16.00 15.54 6.94 5.00 5.00 15.52 4.96 15.30 4.97 5.02 15.65 4.98
Phengite and muscovite is normalized on the basis of 11 oxygens. Epidote and zoisite are normalized on the basis of 16 cations. Omphacite is normalized on the basis of 6 oxygens.
K-feldspar and plagioclase are normalized on the basis of 5 cations and 8 oxygens. Amphibole is normalized on the basis of 23 oxygens and Fe3+ of amphibole is calculated
according to the method of total cations—Na–K–Ca = 13.
bdl = below detection limits. Mineral abbreviations are the same as in Fig. 2.
a The listed values are averages of 3 to 5 analyses.
b Represents total iron.
Table 5
Trace element concentrations (ppm) of inclusions of phengite, epidote, Amp + Pl and
K-feldspar + quartz inclusions in layered eclogite (sh03-A, -B, -C)a.
Phe Ep Amp + Pl K-feldspar + quartz inclusions
Li 24.0 bdl 0.89 0.56 10.0 8.67 bdl 28.5
Be 0.94 1.07 1.00 0.27 1.90 1.81 0.57 0.64
P 15.4 43.6 24.7 46.7 30.0 42.8 25.5 39.1
Sc 3.31 11.3 23.1 21.3 45.1 12.3 6.74 9.57
Ti 1245 353 290 101 225 167 26.5 117
V 164 348 218 34.0 158 132 19.5 258
Cr 81.5 103 137 22.0 54.3 44.8 34.9 93.3
Rb 384 1.93 2.71 34.6 144 227 0.86 79.1
Sr 15.7 2173 46.3 19.5 2.78 26.8 253 98.2
Y 0.02 46.8 8.34 16.9 15.9 15.1 4.27 1.16
Zr 0.06 0.77 1.09 2.22 1.62 bdl 0.21 0.96
Nb 0.33 0.40 0.03 0.03 bdl bdl bdl 0.02
Cs 2.66 0.04 0.02 0.08 0.42 1.25 bdl 0.16
Ba 795 38.1 29.3 136 253 2662 193 2944
La bdl 0.55 0.27 17.3 5.27 88.1 9.18 1.91
Ce bdl 0.54 0.04 5.62 1.31 80.0 6.81 0.53
Pr bdl 0.38 0.07 3.94 1.20 21.5 2.30 0.52
Nd bdl 1.83 0.45 15.3 4.59 72.2 8.11 1.96
Sm bdl 1.43 0.63 2.67 1.58 10.8 1.41 0.50
Eu 0.03 1.39 0.23 0.82 0.62 2.24 0.40 0.11
Gd 0.02 4.15 1.61 3.23 2.96 5.83 1.28 0.33
Tb bdl 1.17 0.30 0.58 0.62 0.80 0.18 0.04
Dy bdl 10.9 1.85 4.13 3.74 4.86 0.96 0.31
Ho bdl 1.98 0.33 0.06 0.03 0.26 0.19 0.73
Er bdl 4.04 0.82 2.16 2.02 2.51 0.58 0.17
Tm bdl 0.48 0.11 0.02 0.02 0.12 0.09 0.32
Yb bdl 2.48 0.71 2.36 2.25 2.54 0.78 0.17
Lu bdl 0.26 0.10 0.32 0.30 0.33 0.10 0.02
Hf 0.03 0.04 0.07 0.10 0.04 bdl bdl 0.05
Ta 0.09 bdl bdl bdl bdl bdl bdl bdl
Pb 1.12 20.4 1.40 1.63 4.26 4.65 1.31 0.46
Th bdl bdl bdl 0.06 bdl bdl bdl 0.02
U 0.23 bdl bdl 0.03 0.03 0.11 0.02 0.06
bdl = below detection limits.
a The inclusions of phengite, epidote, Amp + Pl are averages of 3 to 5 analyses
values.
104 Q. Liu et al. / Lithos 177 (2013) 91–109symplectites in the matrix of the eclogites (Fig. 8a, Table 3, 5). Hence,
we suggest that these types of polyphase inclusions are related to late
stage ﬂuid ingression that resulted in the replacement of UHP min-
erals by amphibole, plagioclase, biotite and K-feldspar during retro-
grade metamorphism.
8.1.3. K-feldspar + quartz inclusions
The most interesting type of polyphase inclusions consists of a
tight intergrowth of K-feldspar and quartz. We have to investigate
whether the K-feldspar + quartz intergrowth merely represents
subsolidus breakdown products of phengite or whether they could
represent a trapped ﬂuid phase. Firstly, the major element composi-
tion of these inclusions is far too silica rich for a simple phengite
breakdown reaction. Secondly, no biotite has been observed in these
inclusions. A subsolidus breakdown of phengite that contains sub-
stantial amounts of Fe + Mg should result in the formation of biotite
(Auzanneau et al., 2006; Hermann, 2002), which is not observed. In-
stead, in the inclusions where phengite partial breakdown is ob-
served, minor amphibole and muscovite appear as reaction products
(Fig. 4a, b). This suggests a reaction of
phengite  Carich garnet→muscovite þ amphibole
Mgrich garnet þ K feldspar þ quartz:
We observe different stages of phengite breakdown. Some
phengite grains are perfectly preserved (Fig. 4d) while others show
the partial breakdown and the replacement of amphibole and musco-
vite (Fig. 4a, b). The muscovite associated with amphibole has a much
lower Si-content than the phengite that is breaking down, providing
further evidence that this reaction is taking place during exhumation.
In a few inclusions, the shape occupied by the K-feldspar + quartz
intergrowth resembles the shape of precursor phengite (compare
phengite in Fig. 4d with polyphase inclusion in Fig. 4i). This suggests
a direct replacement of the phengite in the inclusion. However in
many other K-feldspar + quartz inclusions the shape is inconsistent
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Fig. 9. Chondrite-normalized REE patterns (a) and primitive mantle-normalized trace element compositions (b) of K-feldspar + quartz inclusions from the layered eclogites
(sh03-A, -B, -C), compared with those of the host garnet (sh03-C) and adakitic granites from the northern Dabie Complex, central China. Chondrite values are from Taylor and
McLennan (1985) and primitive mantle values are based on McDonough and Sun (1995). Trace element compositions of adakitic granites are from Wang et al. (2007).
105Q. Liu et al. / Lithos 177 (2013) 91–109with a former phengite inclusion (Fig. 4g). Moreover, in many inclu-
sions, K-feldspar and quartz are not directly associated with phengite.
Instead they appear in separate inclusions, suggesting that they
crystallised from a ﬂuid phase that segregated from the site of
phengite breakdown. The textures of K-feldspar + quartz inclusions
(i.e. negative-crystal shapes, radial fractures) provide evidence that
this type of inclusion derived from a trapped hydrous felsic melt
(i.e. Fig. 4i) (Korsakov and Hermann, 2006; Zeng et al., 2009).
In one inclusion we found relic phengite with high Si-content to-
gether with an intergrowth of plagioclase, K-feldspar and quartz
with minor amphibole (Fig. 4j). This inclusion suggests a melting re-
action of
phengite þ omphacite  quartz→amphibole  garnet þmelt:
It is important to note that both K-feldspar + quartz inclusions as
well as the plagioclase + K-feldspar + quartz inclusions have majorelement compositions compatible with a melt origin. Indeed, such
bulk compositions with high SiO2 and K2O, low Al2O3 and Na2O are
similar to the hydrous felsic melt observed in experiments of low-
degree melting of phengite in eclogites (Liu et al., 2009). Finally, the
trace element patterns of these inclusions display a typical melt sig-
nature with high LILE and moderately enriched LREE that are
expected from phengite related melting (Hermann and Green,
2001). While the LILE pattern of the inclusions is strikingly similar
to the pattern of phengite, the LREE and Sr contents of the inclusions
are far higher than what is measured in phengite. Also the host garnet
has low concentrations of these trace elements. Thus, it is likely
that there was partial dissolution of apatite, the main host of these
elements. Another interesting feature of the trace element patterns
in the inclusions is a pronounced negative Ce anomaly. The nega-
tive Ce anomaly is prominent in micro-bulk analyses of amphibole +
plagioclase symplectites as well as in the bulk rock of the layered
eclogites, but is absent in garnet. These observations suggest that the
Stage UHP HP Amphibolite-facies
Upper 
greenschist-facies
Garnet
Apatite
Omphacite
Phengite
Rutile
Epidote
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Fig. 10. Mineral assemblages at UHP and retrograde metamorphic stages in the Shuanghe eclogites deduced from textures and mineral compositions in matrix and inclusions.
106 Q. Liu et al. / Lithos 177 (2013) 91–109negative Ce anomaly likely formed after UHPmetamorphism. The trace
element patterns provide further evidence that these inclusions do not
represent simple subsolidus breakdown products of phengite but are
likely trapped small degrees of partialmelts related to phengitemelting.
This interpretation is in agreement with the recent study of Gao et al.
(2012, 2013) but different from previous explanations such as decom-
pression exsolution of a K-rich component hosted in minerals (Yang
et al., 1998).
8.2. Partial melting during exhumation
Textural and compositional evidence presented in the previous
section indicates that the feldspar–quartz inclusions represent former
melt inclusions. The inferred P–T path for the Shuanghe eclogites is
characterized by an increase in temperature during exhumation
close to conditions at 1.5–2 GPa and 750–800 °C, where phengite
breakdown is possible. However, many eclogites in this area still con-
tain peak metamorphic phengite, indicating that the majority of
phengite survives the retrograde evolution (Carswell et al., 1997). Ad-
ditionally, relics of phengite are preserved in the country rock
gneisses as well. Thus, no widespread melting occurred during exhu-
mation. This is in agreement with the ﬁeld observation that no visible
leucosomes are present in the rocks. This indicates that partial melt-
ing has been quite limited and did not reach a percentage high
enough to create an interconnected network of melts. One possible
explanation is that partial melting is related to an addition of small
amounts of water. There are two potential water sources that may
have triggered melting in the eclogite. Water could originate from
trace amounts of OH that was incorporated in anhydrous UHP min-
erals. Infrared spectroscopy of minerals in an UHP eclogite from
Shuanghe has shown that pyroxene contains 120–180 ppm H2O
whereas rutile contains 4000–9000 ppm H2O (e.g. Zhang et al.,
2001). Katayama et al. (2006) observed that water contents in
omphacite increase with increasing pressure from 400–500 ppmH2O in quartz eclogites to 950–1200 ppm H2O in coesite eclogites to
1650 ppm H2O in diamond-facies eclogites. Thus recrystallisation of
omphacite during exhumation might lead to a small amount of
water release that could trigger partial melting. Alternatively, water
trapped during the breakdown of a hydrous phase such as lawsonite
might not have been completely extracted and might have triggered
melting during exhumation. Both hypotheses have to be investigated
in further studies.
The K-feldspar–quartz inclusions occur in garnet cores as well as
garnet rims (Fig. 4e, f). Garnet re-equilibration during or after trapping
of the inclusions is supported by major element mapping, which shows
no visible compositional change around the inclusion, providing evi-
dence for a chemical homogenization (Fig. 7). Additionally, no zoning
was observed in trace element analyses of garnets hosting these melt in-
clusions (Electronic appendix). This indicates that the melts were likely
trapped during a garnet recrystallisation event rather than during garnet
growth. Generation of melts was associated with the presence of peak-
pressure phengite inclusions and some of the melt separated to form
K-feldspar–quartz inclusions. This might explain why these polyphase
inclusions are found throughout the garnet crystals. Interestingly,
no K-feldspar–quartz intergrowth is observed in the matrix of the
layered eclogites. The most likely explanation is that during the
replacement of omphacite by plagioclase + amphibole, such minor
features disappeared. Indeed, the trace element composition of the
amphibole + plagioclase symplectite contains elevated Ba and Rb
contents. As neither of the reactant minerals garnet and omphacite
have signiﬁcant concentrations of these elements, they must derive
from minor amounts of a K-rich phase such as phengite or K-feldspar
that was present in the matrix prior to the symplectite formation.
8.3. Modiﬁcation of eclogite composition during partial melting?
Our data indicates that partial melting likely took place during ex-
humation and heating of the eclogites. The bulk rock compositions of
Fig. 11. Themodel of formation of inclusions and P–T path of the Shuanghe eclogite. Three
lines of garnet–phengite–omphacite barometry of sample CD33, CD34, CD35 are plotted
based on the original data from Carswell et al. (1997). Fe–Mg thermometry on the
Shuanghe homogenous eclogite using the calibration of Ravna (2000) is shown as well.
Points 1–4 refer to estimated metamorphic conditions from previous studies. 1) The peak
metamorphism of Shuanghe eclogite was deﬁned by the geothermobarometry of Krogh
Ravan and Terry (2004). 2) & 4) The conditions of peakmetamorphism and amphibolite fa-
cies were estimated by mineral assemblage from the Shuanghe eclogite, respectively
(Zhang et al., 2003). 3) Themaximum temperature of the Shuanghe eclogite was recorded
by the Zr-in-titanite temperatures fromGao et al. (2011). A–D represents the interpretation
of formation of inclusion assemblages in the layered eclogites. The stability ﬁeld of
lawsonite, epidote and amphibole is combined with data from Schmidt and Poli (1998),
Forneris and Holloway (2003) and Poli et al. (2009). The breakdown curves of phengite
are after Hermann and Green (2001) (KCMASH), Liu et al. (2009) (phengite-bearing
eclogite) and Schmidt and Poli (1998) (hydrous basalt). Reaction curves diamond
(Dia) = graphite (Grp), coesite (Coe) = quartz (Qtz) and jadeite (Jd) + quartz (Qtz) =
albite (Ab) are from Bundy (1980), Bohlen and Boettcher (1982), Liou et al. (1997),
respectively.
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differences (Fig. 5). Moreover, ﬁeld observations show that there is
a strong segregation into garnet + quartz-rich and omphacite-rich
domains in these eclogites (Figs. 1b, Fig. 2). In this section we inves-
tigate to what extent such partial melting has potentially changed
the bulk composition of the eclogites.
The eclogite lenses are surrounded by garnet-bearing biotite
gneiss, which potentially could undergo partial melting as well during
decompression and heating. Therefore, the ﬁrst question to address is
whether the trapped melts in the eclogites are internally formed or
whether they inﬁltrated from the surrounding gneisses. The textural
features of the observed gradual breakdown of phengite and the
chemical afﬁnity of the LILE pattern of phengite to the quartzo-
feldspathic inclusions strongly suggest that the melt was generated
internally in the eclogites. This is supported by the bulk rock trace el-
ement composition of the layered eclogite series. All these eclogites
display a strong depletion of LILE, similar to what is observed in the
homogenous eclogite. Even small amounts of partial melts from the
gneisses would have resulted in a signiﬁcant increase of LILE and to
a lesser extent of LREE in the layered eclogites. Therefore, inﬁltration
of hydrous silicate melts from the gneisses into the eclogites can be
excluded. Nevertheless, an important argument for future studies is
to evaluate if the country rock gneisses display evidence for partial
melting as well.The second question is whether the observed depletion of LREE in
the layered eclogites compared to the homogeneous eclogite is relat-
ed to partial melting and melt extraction. Apatite is the main host of
LREE in the homogeneous eclogite and thus dissolution of apatite in
partial melts could potentially result in LREE depletion. There are
two arguments against this hypothesis. Firstly, apatite solubility in
felsic melts at 800 °C is rather low (Watson and Capobianco, 1981)
resulting in a small amount of apatite that is consumed. Secondly,
the measured average LREE concentration of the K-feldspar + quartz
inclusions is ~20 times chondrite, similar to the LREE content of the
homogenous eclogite. Hence, even if the amount of partial melting
reached 10%, this would have led to an insigniﬁcant depletion of
LREE in the bulk rock. Hence, we propose that partial melting is not
responsible for the observed chemical variation between the homo-
geneous and the layered eclogites. However, the melting might
have been responsible for LREE depletion in the segregations of do-
mains B, C and D compared to domain A (Fig. 5) of the layered
eclogite. The omphacite-rich domain (D) has a signiﬁcantly lower
LREE content than garnet-rich domain (A). We do not have a repre-
sentative bulk rock for the small domains B and C. However, a
recalculated bulk rock based on garnet, quartz, rutile and minor apa-
tite (b1%) results in a LREE content for the garnet + quartz domains
that is even lower than domain A. Hence, we suggest that extraction
of small amounts of partial melts with LREE contents of 20–50 times
chondrite could have produced the overall low LREE contents of do-
mains B, C and D. Small amounts of partial melts might also have
assisted in the observed segregation into garnet + quartz and
omphacite-rich domains. During exhumation UHP rocks commonly
experience ductile shear deformation. Previous experimental results
have shown that a large strain can lead to the segregation of polycrys-
talline garnet and omphacite (Zhang and Green, 2007). It is conceiv-
able that the same mechanism is responsible for producing different
chemical domains within the layered eclogite, such as the garnet-
rich zone and the omphacite-rich zone. This hypothesis is supported
by the observation that the major and trace element compositions
of garnet in all domains of the layered eclogites are very similar
(Fig. 6, Electronic appendix). This would not be expected if the
zones would represent distinct chemical domains that were already
established prior to UHP metamorphism.
9. Implications
Polyphase inclusions in UHP rocks have beenwidely used to charac-
terize the nature and composition of ﬂuids during deep subduction of
crustal rocks. The occurrence of polyphase inclusions showing negative
crystal shapes and radial fractures has been used to infer that such in-
clusions derive from trapped ﬂuids (Ferrando et al., 2005; Korsakov
and Hermann, 2006; Malaspina et al., 2006; Stöckhert et al., 2001).
Our study highlights that such an inference is not always straightfor-
ward andmust hinge onmultiple lines of evidences.We have identiﬁed
three different types of polyphase inclusions in garnet from UHP
eclogites from the Dabie Mountains. Detailed investigation of the tex-
tures and the trace element composition of these inclusions revealed
that two types of inclusions (zoisite/epidote + quartz ± amphibole
and the complex amphibole + plagioclase + K-feldspar + quartz +
biotite) likely represent subsolidus breakdown products of peak meta-
morphic lawsonite, phengite and omphacite inclusions. Only the
quartzo-feldspathic inclusions show textures, major and trace element
compositions that are compatible with formation from a trapped melt.
It is tempting to assume that such melting occurred at peak meta-
morphic conditions and hence the nature and composition of the
studied inclusions can be used to infer chemical differentiation during
deep subduction of crustal materials. In UHP rocks that reach peak
temperatures of 950–1000 °C it is likely that partial melting of rocks
was achieved during peak pressure conditions (Hermann and
Rubatto, in press). Indeed polyphase inclusions in the Erzgebirge
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(Korsakov and Hermann, 2006) provide evidence for melting close
to the metamorphic peak. However, in UHP rocks that display lower
peak temperatures such as the Dabie–Sulu UHP belt and Norway, it
is more difﬁcult to establish the timing. For example for the Dabie–
Sulu UHP belt, it has been proposed that polyphase inclusions formed
close to the peak metamorphic conditions (Ferrando et al., 2005;
Malaspina et al., 2006) during early (Zeng et al., 2009) or later stages
of decompression (Gao et al., 2012). The inclusions investigated in
our study formed during phengite-breakdown at 1.5–2.0 GPa, 750–
800 °C, i.e. at pressures below UHP conditions. The trace element
composition of the quartzo-feldspathic inclusions with high LILE
and moderate LREE contents, UN N ThN and negative Nb, Ta, Zr, and
Hf anomalies resemble the trace element characteristics inferred for
the subduction component produced during melting of sediments
(Hermann and Rubatto, 2009). Although the quartzo-feldspathic in-
clusions were found in UHP eclogites, the formation at ~1.5 GPa and
~800 °C are far removed from typical slab conditions. Hence such re-
sults are not directly applicable to infer partial melting during deep
subduction of crust and to reconstruct trace element composition of
slab melts at sub-arc depths. The extent of partial melting in the in-
vestigated rocks is rather small and thus it is unlikely that the docu-
mented partial melting has signiﬁcant implications for intra-crustal
differentiation. However, if melting is more extensive, then segregat-
ed melts might lead to post-orogenic granitic intrusions. The trace el-
ement characteristics of the observed melt inclusions are very similar
to Triassic, adakitic granites from the northern Dabie region (Fig. 9),
indicating that in other areas partial melting during exhumation
might be more voluminous. To fully assess intra-crustal differentia-
tion during exhumation of UHP terrains (Behn et al., 2011), it is also
important to assess at what stage and to which extent the country
rock gneisses surrounding the eclogites have melted.
Melting of UHP rocks not only is important for potential chemical
differentiation but also strongly inﬂuences the rheology of the
subducted rocks. It has been suggested that partial melting of conti-
nental crust could be an important factor to facilitate exhumation of
deeply subducted crust (Hermann et al., 2001; Labrousse et al.,
2002; Vanderhaeghe and Teyssierc, 2001). Our study shows that for
the Shuanghe eclogites, partial melting occurred after about 2 GPa
of decompression. Moreover, the peak metamorphic conditions are
even below the wet solidus of pelitic rocks. Hence, different mecha-
nisms other than partial melting must have acted in this part of the
Dabie UHP rocks to initiate exhumation.
10. Conclusions
We have identiﬁed three different types of polyphase inclusions in
garnets from eclogites from the Shuanghe locality, in the Dabie UHP
belt. Inclusions consisting of a symplectitic intergrowth of zoisite +
quartz ± amphibole associated to epidote likely represent pseudo-
morphs formed during the subsolidus breakdown of lawsonite. Complex
polyphase inclusions with the assemblage amphibole + plagioclase +
quartz + biotite + K-feldspar are interpreted as replacements of
phengite and omphacite. The most interesting polyphase inclusions
consist of equal amounts of K-feldspar + quartz. Textural observations
as well as major and trace element characteristics suggest that these
inclusions likely derived from trapped melt that was produced
during incongruent phengite melting that also resulted in growth of
muscovite + amphibole. P–T constraints show that melting occurred
at 1.5–2.0 GPa and 750–800 °C. These melts show enrichment of LILE
and moderate enrichment of LREE over HREE and depletions in HFSE.
Although these inclusions occur in UHP eclogites, the conditions of
melting preclude that such melts can be used to infer the nature and
composition of ﬂuids formed during deep subduction of crustal rocks
and thus care has to be taken to apply such ﬁndings to melting in sub-
duction zones. The observed degree of melting in the studied eclogitesis rather small and thus this melting had a minimal impact on the com-
position of the rocks. However, the presence of melt has inﬂuence on
the rheology of the rocks and likely assisted in formation of segrega-
tions. Partial melting was not a driver for the initiation of exhumation
of the studied rocks because it occurred at an advanced stage of exhu-
mation of the UHP rocks in this region of the Dabie–Sulu UHP belt.
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